Abstract: Microalgal-bacterial consortia are considered an alternative method to conventional wastewater treatment processes with several benefits, such as low oxygen production cost and reduced emission of carbon dioxide resulting from photosynthetic activity. Besides, microalgae effectively remove various emerging contaminants and heavy metals that are hardly removed by conventional wastewater treatment processes. The purpose of this study is finding optimal operation conditions (e.g., light wavelengths, light intensity, microalgal-bacterial consortia biomass) when applying microalgae in wastewater treatment system. Firstly, reduced transmittance was monitored at four different wavelengths (i.e., blue, green, red, and white light) and at various concentrations of microalgal-bacterial consortia. Light transmittance rates were rapidly reduced as the biomass increased, where the highest transmittance was observed in green light. Secondly, the reduction of oxygen production over time, by the inhibition of the photosynthetic activity, was tested as the light intensity increased at four different wavelengths and at low (100 mg L −1 ) and high (500 mg L −1 ) concentrations of microalgal-bacterial consortia. The observations and subsequent statistical analyses verify that microalgal-bacterial consortia show the strongest resistance to the inhibition of the photosynthetic activity in green light, with white coming next, when the intensity of light is increased.
Introduction
Microalgae are a natural component of ecosystems, whereas an overgrowth of algae, i.e., algal bloom, is often undesirable and has been considered one of the important issues in water supply systems. In recent years, however, the value of microalgae as a useful resource for energy
Materials and Methods

Cultivation of Microalgal-Bacterial Consortia
The microalgal-bacterial consortia were cultured in a semibatch reactor with an effective volume of 12.6 L for two months; light of four different wavelengths was emitted continuously at the same time during the cultivation period ( Figure 1 ). The wastewater, sampled from a wastewater treatment plant in Yongin city, GyeongGi-Do, South Korea, was used for the cultivation of microalgal-bacterial consortia after being filtered by a 75-µm mesh screen. During the cultivation, the hydraulic retention time (HRT) and solid retention time (SRT) of the reactor were maintained at four days by replacement of 25% of the total volume of the reactor with the wastewater every day. The biochemical oxygen demand (BOD), and concentrations of total nitrogen (TN), total phosphorus (TP), ammonium nitrogen (NH 3 
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.9 mg L −1 , and 0.0 mg L −1 (blank). As blank, a distilled water sample was also used for the test. Light of four different wavelengths was emitted from the side of the reactor and the intensity of light transmitted was measured by a photometer at the opposite side. A constant internal concentration of the microalgal-bacterial consortia was maintained by stirring the consortia with a magnetic bar at 100 rpm ( Figure 2 ). 
Inhibition of Photosynthetic Activity
Inhibition of the photosynthetic activity in the microalgal-bacterial consortia by various wavelengths (colors) and intensities of light were tested at two different concentrations (100 mg L −1 and 500 mg L −1 , respectively) of microalgal-bacterial consortia. The microalgal-bacterial consortia were washed with distilled water, and then concentrated by centrifugation at 2500 rpm. This process was repeated three times. Microalgal-bacterial consortia with a concentration of 100 mg L −1 were obtained by dilution of the 500 mg L −1 consortia with effluent from the wastewater treatment plant in Yongin city, GyeongGi-Do, South Korea. The wastewater was filtered with a 1.2 μm mesh GF/C filter. The concentrations of NH4 + -N, PO4 − -P, and HCO3 − were maintained at 50 mg L −1 , 5 mg L −1 and 500 mg L −1 , respectively. To prevent nitrification using the oxygen produced by photosynthetic activities, 3 mg L −1 of arylthiourea was added as an inhibitor of nitrification. The initial dissolved oxygen (DO) concentration was maintained at zero by adding N2 gas (99.9% V/V) for 10 min before starts the test.
Four batch reactors with an effective volume of 12.6 L were filled with microalgal-bacterial consortia at concentrations of 500 mg L −1 ( Figure 3 ). Each reactor was exposed to lights at four different wavelengths (blue, green, red, and white) for 60 min, respectively. The same experiment was repeated with 100 mg L −1 microalgal-bacterial consortia to test the inhibition effect at lower concentrations of biomass. The concentration of DO in the batch reactor was measured with 1 min intervals in both reactors by a DO probe (YSI 5100, Yellow Springs, OH, USA). 
Statistical Analysis
The effect of various light intensity and light color conditions on oxygen production was quantitatively analyzed by statistical analysis using two-way analysis of variance (ANOVA) with data measured as described in Section 2.3; the effect of the interaction between light intensity and color on the photosynthetic oxygen production rate was also analyzed. An open-source library R program was used for this statistical analysis.
For the two-way ANOVA, the changes in light color and intensity over time were considered as independent variables. The oxygen production rate per unit time, unit microalgal-bacterial consortia 
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Statistical Analysis
The effect of various light intensity and light color conditions on oxygen production was quantitatively analyzed by statistical analysis using two-way analysis of variance (ANOVA) with data measured as described in Section 2.3; the effect of the interaction between light intensity and color on the photosynthetic oxygen production rate was also analyzed. An open-source library R program was used for this statistical analysis. For the two-way ANOVA, the changes in light color and intensity over time were considered as independent variables. The oxygen production rate per unit time, unit microalgal-bacterial consortia mass as chlorophyll-a concentration, and intensity of light (hereafter unit oxygen production rate) were considered as dependent variables.
Results
Transmittance of Light
The differences in the transmittance rate of the four different light colors (i.e., blue, green, red, and white) were tested in 11 microalgal-bacterial consortia groups with concentrations between 0 and 1482 mg L −1 . The light intensity in distilled water was 267 µmol m −2 s −1 , 215 µmol m −2 s −1 , 269 µmol m −2 s −1 , and 306 µmol m −2 s −1 for blue, green, red, and white light, respectively. The transmittance was observed to decrease as the concentration of biomass increased from 0 to 1482 mg L −1 . The steepest reduction of transmittance by the increasing biomass was observed in blue light, and red light came next. The green and white light showed similar, but relatively lower reductions of transmittance with increasing biomass, where the highest transmittance was observed in green light (Figure 4 ). The transmittance rates were reduced to less than 11% of the input intensities when the biomass became larger than 185.3 mg L −1 at all four colors of light (Appendix A: Table A1 ). mass as chlorophyll-a concentration, and intensity of light (hereafter unit oxygen production rate) were considered as dependent variables.
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Inhibition of Photosynthetic Activities
The changes in oxygen production rate in microalgal-bacterial consortia were measured for 60 min and sequences of five data were averaged for the data analysis. Thus, a total of 55 data from 0 min to 54 min were used to analyze the inhibition of the photosynthetic activity.
At low microalgal-bacterial consortia concentrations, the oxygen production rate was stable at the lower light intensities of 250 and 500 μmol m −2 s −1 , where the oxygen production rates in different colors of light decreased in the order red > blue > white > green during the entire illumination period of 54 min ( Figure 5 ). On the other hand, at a higher light intensity of 1000 μmol m −2 s −1 , higher oxygen production rates were observed in the order white > green > red > blue after ~30 min of illumination. The order was green > white > blue > red at a light intensity of 2000 μmol m −2 s −1 after ~10 min of illumination. At a light intensity of 1000 μmol m −2 s −1 , the highest oxygen production rate was observed in red light at the beginning of illumination, while the oxygen production rate decreased rapidly over time in blue and red color conditions, whereas the oxygen production rate was maintained stably in green and white light. At a light intensity of 2000 μmol m −2 s −1 , a rapid decrease of the oxygen production rate through time was also observed in blue and red light while the oxygen production rate was also stable in green and white light. The maximum oxygen production rate was 
At low microalgal-bacterial consortia concentrations, the oxygen production rate was stable at the lower light intensities of 250 and 500 µmol m −2 s −1 , where the oxygen production rates in different colors of light decreased in the order red > blue > white > green during the entire illumination period of 54 min ( Figure 5 ). On the other hand, at a higher light intensity of 1000 µmol m −2 s −1 , higher oxygen production rates were observed in the order white > green > red > blue after~30 min of illumination. The order was green > white > blue > red at a light intensity of 2000 µmol m −2 s −1 after 10 min of illumination. At a light intensity of 1000 µmol m −2 s −1 , the highest oxygen production rate was observed in red light at the beginning of illumination, while the oxygen production rate decreased rapidly over time in blue and red color conditions, whereas the oxygen production rate was maintained stably in green and white light. At a light intensity of 2000 µmol m −2 s −1 , a rapid decrease of the oxygen production rate through time was also observed in blue and red light while the oxygen production rate was also stable in green and white light. The maximum oxygen production rate was observed in green light at a light intensity of 2000 µmol m −2 s −1 ; at 54 min illumination, the oxygen At high concentrations of the microalgal-bacterial consortia, the oxygen production rate was maintained stable at a light intensity of 1000 μmol m −2 s −1 . It is likely that the higher biomass provides more resistance to the increase of light intensity than at low concentrations of the microalgal-bacterial consortia (Figure 6 ), where the oxygen production rate was higher in the order red > white > green > blue. On the other hand, at the higher light intensities of 2000 μmol m −2 s −1 and 3000 μmol m −2 s −1 , a rapid decrease in the oxygen production rate was also observed over time, especially under blue and red light conditions. The oxygen production rate was higher as the light intensity increased in all four light color conditions at the start of the illumination, whereas the oxygen production rate rapidly decreased over time especially in blue and red light. Thus, in blue and red light the oxygen production rate was lower at the end of the illumination at a light intensity of 3000 μmol m −2 s −1 than at a light intensity of 2000 μmol m −2 s −1 ( Figure 6 ). The oxygen production rates at a light intensity of At high concentrations of the microalgal-bacterial consortia, the oxygen production rate was maintained stable at a light intensity of 1000 µmol m −2 s −1 . It is likely that the higher biomass provides more resistance to the increase of light intensity than at low concentrations of the microalgal-bacterial consortia (Figure 6 ), where the oxygen production rate was higher in the order red > white > green > blue. On the other hand, at the higher light intensities of 2000 µmol m −2 s −1 and 3000 µmol m −2 s −1 , a rapid decrease in the oxygen production rate was also observed over time, especially under blue and red light conditions. The oxygen production rate was higher as the light intensity increased in Sustainability 2019, 11, 2951 7 of 13 all four light color conditions at the start of the illumination, whereas the oxygen production rate rapidly decreased over time especially in blue and red light. Thus, in blue and red light the oxygen production rate was lower at the end of the illumination at a light intensity of 3000 µmol m −2 s −1 than at a light intensity of 2000 µmol m −2 s −1 ( Figure 6 ). The oxygen production rates at a light intensity of 2000 µmol m −2 s −1 were 3960 mg O 2 L −1 h −1 and 5280 mg O 2 L −1 h −1 at the end of illumination in blue and red light, respectively, while they were reduced to 3600 mg O 2 L −1 h −1 and 3840 mg O 2 L −1 h −1 at the higher light intensity of 3000 µmol m −2 s −1 . Much stronger resistance to the inhibition of photosynthetic activities by an increase of the light intensity was observed in green and white than in blue and red light, where maximum oxygen production rates were observed at a highest light intensity of 3000 µmol m −2 s −1 in green and white light, at 9000 mg O 2 L −1 h −1 and 8640 mg O 2 L −1 h −1 , respectively. These results show that the oxygen production capacity of microalgal-bacterial consortia was decreased through time especially by increasing the light intensity; the minimum inhibition effect, and thus the maximum oxygen production rate, was observed in green light.
Statistical Analysis of the Effect of Light Conditions on Photosynthetic Activities
The effect of the color and intensity of light on the oxygen production rate was statistically quantified by two-way ANOVA, where oxygen production rate was used as a dependent variable and color and intensity of light as independent variables. These results show that the oxygen production capacity of microalgal-bacterial consortia was decreased through time especially by increasing the light intensity; the minimum inhibition effect, and thus the maximum oxygen production rate, was observed in green light.
The effect of the color and intensity of light on the oxygen production rate was statistically quantified by two-way ANOVA, where oxygen production rate was used as a dependent variable and color and intensity of light as independent variables.
Low Microalgal-Bacterial Consortia Concentration
The result of the two-way ANOVA with interaction at a low microalgal-bacterial consortia concentration (100 mg L −1 ) shows that the model is valid (p-value < 0.05) with R 2 = 0.9956; thus more than 99% of the entire variation is explainable (Appendix A: Table A2 ).
The two-way ANOVA analysis for each variable at low microalgal-bacterial consortia concentration shows that the differences in the oxygen production rate at different intensities or colors of light are valid (p-value < 0.0001). The interaction of the two variables (light intensity and color) also has an effect on the oxygen production rate (p-value < 0.0001) (Appendix A: Table A3 ).
The oxygen production rate is higher in red and blue than in green and white light at low light intensity (less than 500 µmol m −2 s −1 ), whereas the oxygen production rate becomes higher in green and white light as the intensity of light is increased to higher than 1000 µmol m −2 s −1 , as shown in a boxplot of the oxygen production rate (Figure 7) . The oxygen production rate is higher in the order green > white > blue > red at a light intensity of 2000 µmol m −2 s −1 ( Figure 7 ). The result of the two-way ANOVA with interaction at a low microalgal-bacterial consortia concentration (100 mg L −1 ) shows that the model is valid (p-value < 0.05) with R 2 = 0.9956; thus more than 99% of the entire variation is explainable (Appendix A: Table A2 ).
The oxygen production rate is higher in red and blue than in green and white light at low light intensity (less than 500 μmol m −2 s −1 ), whereas the oxygen production rate becomes higher in green and white light as the intensity of light is increased to higher than 1000 μmol m −2 s −1 , as shown in a boxplot of the oxygen production rate (Figure 7) . The oxygen production rate is higher in the order green > white > blue > red at a light intensity of 2000 μmol m −2 s −1 ( Figure 7) .
These results verify that the microalgal-bacterial consortia show the highest resistance to the photoinhibition effect when the light intensity is increased in the green light condition. Figure 7 . The average oxygen production rate at low microalgal-bacterial consortia concentrations during the 54 min illumination period.
High Microalgal-Bacterial Consortia Concentration
The result of the two-way ANOVA with interaction at a high microalgal-bacterial consortia concentration also shows that the model is valid (p-value < 0.05) with R 2 is 0.8998, thus 89% of the entire variation is explainable (Appendix A: Table A4 ).
The two-way ANOVA analysis for each variable at high microalgal-bacterial consortia concentration shows that the differences in the oxygen production rate at different intensities or colors of light are also valid (p-value < 0.0001). The interaction of the two variables (light intensity and color) also has an effect on the oxygen production rate (p-value < 0.0001) (Appendix A: Table A5 ).
The oxygen production rate is higher in green and white than in blue and red light as the light intensity is increased to higher than 2000 μmol m −2 s −1 , and the microalgal-bacterial consortia are also verified to show the highest resistance to the photoinhibition effect when the light intensity is increased in the green color condition, as shown in the boxplot of the oxygen production rate ( Figure  8) . The oxygen production rates decrease in the order green > white > red > blue at a light intensity of 3000 μmol m −2 s −1 (Figure 8 ). These results verify that the microalgal-bacterial consortia show the highest resistance to the photoinhibition effect when the light intensity is increased in the green light condition.
The oxygen production rate is higher in green and white than in blue and red light as the light intensity is increased to higher than 2000 µmol m −2 s −1 , and the microalgal-bacterial consortia are also verified to show the highest resistance to the photoinhibition effect when the light intensity is increased in the green color condition, as shown in the boxplot of the oxygen production rate (Figure 8 ). The oxygen production rates decrease in the order green > white > red > blue at a light intensity of 3000 µmol m −2 s −1 (Figure 8 ). 
Interaction of Variables
Statistical analysis of the effect of the interaction between light intensity and wavelength on oxygen production shows that the smallest effect of light intensity on oxygen production was observed under green light conditions both in low and high microalgal-bacterial consortia concentrations ( Figure 9 ). The minimum reduction of the oxygen production rate as a result of an increase in the light intensity was observed in green light, whereas a maximum reduction was observed in red. These results also verify that microalgal-bacterial consortia have the strongest resistance capacity to increases in light intensity in green light. 
Discussion
The oxygen production rate of microalgae is affected by the color and intensity of light and the microalgae biomass, where the oxygen production tends to increase at higher light intensities and higher microalgae biomasses [28, 29] . Although several studies have tested the effect of different light colors on the oxygen production rate of microalgae, no clear mechanism or conclusive result was suggested yet [23, 28, 29, 31] and interaction of these factors makes it more complicated to understand the oxygen production process in microalgae. For example, an increase in light intensity increases the oxygen production rate, but also causes inhibition of the photosynthetic activities of microalgae for oxygen production over time. Besides, although more oxygen is expected to be produced at higher microalgae biomass, this is not always true as an increase in biomass also reduces the light transmittance by the shading effect, and thus causes inhibition of the oxygen production [28] [29] [30] .
Thus, finding optimal operational conditions is essential both considering the efficiency of oxygen production by increasing the light intensity while also considering possible inhibition effects at various light color conditions of an increased light intensity on microalgal-bacterial consortia for practical application of microalgae in the process of wastewater treatment. The results in this study show that green light has several benefits over other colors of light. Firstly, higher transmittance rate was observed in green light when increasing the concentration of microalgal-bacterial consortia. Previous studies suggested that green light tends to penetrate deeper, and thus shows a stronger resistance to photoinhibition in microalgal-bacterial consortia [29, 32] ; a conclusion that is also supported by the results of this study. Besides, microalgal-bacterial consortia are less sensitive to an increase of light intensity in green light conditions. Thus, maximum oxygen production rates were observed at the end of the illumination period in green light, with white coming next, at higher light intensities of 1000 and 2000 µmol m −2 s −1 in low microalgal-bacterial consortia concentrations, and at higher light intensities of 2000 and 3000 µmol m −2 s −1 in high microalgal-bacterial consortia concentrations, which is an obvious benefit of using green light when microalgal bacteria consortia are applied in wastewater treatment processes.
The statistical analysis of oxygen production in this study also supports this result as the highest oxygen production rates were observed in green light in both low and high microalgal-bacterial consortia, with white coming next. From the analysis in this study, it is concluded that green light is promising for increasing the efficiency of oxygen production in practice (e.g., wastewater treatment plants) by microalgal-bacterial consortia; the possibility of increased operation power may alter the decision as illumination with green light consumes about 160-220% more power than blue, red, or white light, whereas the power consumption for illumination with the other three colors are comparable [29] . Thus, white color may be an alternative suggestion with the second-strongest resistance, next to green light, to the photoinhibition effect on the oxygen production rate.
Further studies are required to improve the applicability of microalgal-bacterial consortia in practice such as in wastewater treatment plants. A larger scale (i.e., pilot scale) test would be needed as light penetration depth may be different in larger scale reactors. Besides, a larger scale test can also provide more precise information about the power consumption rate and related operational cost. Thus, further studies with a larger scale test are suggested for the future to find the optimal operational conditions for the practical application of microalgal-bacterial consortia.
Conclusions
The complicated effect of interactions between wavelength and intensity of light on oxygen production of microalgal-bacterial consortia at different concentrations was studied here.
In the first part of this study, the transmittance of light when increasing the biomass of microalgal-bacterial consortia was tested, and the highest transmittance was observed in green light. This result suggests that green light is least affected by the shading effect in microalgal-bacterial consortia.
Evaluation of the changing photosynthetic oxygen production rate at different wavelengths and intensities of light shows that microalgal-bacterial consortia exhibit the strongest resistance to the inhibition of photosynthetic activities when increasing the light intensity in green light. The maximum oxygen production rate was observed at the highest light intensity with green light both at low and high microalgae concentrations. Subsequent statistical analysis also verified that both the wavelength and intensity of light affect the oxygen production rate and that microalgal-bacterial consortia show the strongest resistance to photoinhibition when increasing the light intensity in green light. 
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